An air-breathing system using reed valves was developed for Microwave Rocket. No stopper plate was used to avoid interference between the reed valve tip and high-power microwave beams in the thruster tube. Titanium alloy was used for the reed petal because of its high strength. The petal's width and thickness were designed to be tapered to prevent the petal from yielding, and its fundamental frequency, opening area, and the maximum stress on the petal were computed using static analysis. Estimated fundamental frequency agreed well with the measurement, though the opening area and the maximum stress were underestimated because of the inertial force. The experiment was conducted using a high-power microwave generator (gyrotron) to evaluate the air-breathing performance. In the experiment, no plastic deformation was observed on the reed petal and the partial filling rate was deduced as 0.32-0.44 for two reed valve stages (16 reed valves).
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Introduction
In beamed energy propulsion (BEP), a vehicle obtains kinetic energy by electromagnetic beams such as a laser or microwave beam. 1) Microwave Rocket is an air-breathing pulse detonation engine powered by repetitively pulsed microwave beams. A powerful microwave generator (i.e. gyrotron) is an available beam source. The gyrotron has been developed as a plasma-heating device in the field of nuclear fusion. Megawatt-class stable output has already been achieved. 2, 3) Microwave Rocket utilizes ambient air as a propellant and no on-board propellant is needed during its atmospheric flight. Thus high payload ratio is expected. Air sucked into the thruster is pressurized through a microwave-supported detonation without turbo pump systems and other complex devices, resulting in a simple structure and low manufacturing cost. Although the beam facility construction cost accounts for most of the total cost, the facility is reusable and easy to maintain because it is located on the ground. Consequently, the construction cost can be amortized over many launches. These reasons make the Microwave Rocket system a good candidate for enabling drastic reduction of transportation costs to space. [4] [5] [6] [7] [8] [9] [10] In 2004, Nakagawa et al. 4) conducted single-pulse experiments using a model rocket, which had a conical nozzle and a cylindrical tube. In 2009, a multi-pulse operation was conducted by Oda et al. Thrust impulse decreased at each pulse due to high temperature and low density gas remained in the thruster. Thus, a forced airbreathing system was developed to simulate air-breathing from a front air-intake. Fresh air was supplied to the thruster at 0.03 kg/s. The air-refilling performance was evaluated using a partial filling rate Ψ, defined as
The decrease in thrust impulse was suppressed by air-breathing. The thrust impulse after the second pulse was maintained when Ψ was equal to or higher than unity. 5) However, in the air-breathing system, an active control power unit was necessary to synchronize the solenoid valves with the pulse repetition of the microwave beam. Therefore, in this paper, a passive air-breathing system using reed valves is proposed for Microwave Rocket. Reed valves open passively by negative gauge pressure created behind an expansion wave. The opening and closing cycle is synchronized automatically with the engine cycle. Its air-breathing performance was evaluated in an experiment using a megawatt-class gyrotron as the beam source to demonstrate its feasibility. Pressure history and reed-tip lift were measured when negative pressure appeared. Shockwave propagation velocity was deduced at each microwave pulse. Ψ was estimated from the pressure history and shockwave propagation velocity, respectively.
Pulse Detonation Engine Cycle with Reed Valves
Reed valves have been used for jet engines, two-stroke engines, PDEs, and pulse jet engines. [11] [12] [13] [14] [15] Unlike these engines, air sucked into the Microwave Rocket thruster does not need to be mixed with fuel. That fact leads to enhanced flexibility in mounting the reed valve. Reed valves are notoriously short-lived. However, in the Microwave Rocket application, reed valves are used only during atmospheric flight, which is less than 30 s. 10 ) Figure 1 shows the engine cycle and pressure distributions in the thruster with the reed valve system. The thruster tube functions as a detonation tube that has a closed end, called a thrust wall, on which a parabolic reflector is mounted. Reed valves are mounted directly on the thruster sidewall.
The engine cycle is as described here. 1) The parabolic reflector focuses an incident microwave beam. Breakdown occurs at the focal point. 2) The microwave-supported detonation (MSD) wave propagates toward the incident beam and generates high pressure in the thruster. During this step, the microwave beam energy is absorbed by the MSD wave. 3) When the MSD wave arrives at the open end, the beam is cut off. An expansion wave starts to propagate from the open end to the thrust wall. High pressure is maintained at the thrust wall until the expansion wave reaches the thrust wall and the thruster acquires an impulsive thrust during steps 1-3. 4) Negative gauge pressure appears in the thruster because of the reflection of the expansion wave at the thrust wall. 
Tapered Reed Valve Design Method
Reed petals are usually made from steel bands, stainless steel, plastics, glass fiber, carbon fiber, and so on. In many applications, stopper plates limit the reed-tip lift to prevent the reed petal from yielding. [11] [12] [13] [14] [15] However, the stopper plate might interfere with the incident microwave inside the thruster tube, resulting in undesirable plasma ignition. Therefore, a tapered reed petal was designed to prevent the material from yielding without a stopper plate. In addition, titanium alloy, whose yield stress is 4.5 times higher than that of steel, was used as a material. Young's modulus E, density ρreed, and the yield stress of the titanium alloy are presented in Table 1 . The allowable stress is 650 N/mm 2 when the safety factor is set as 1.4. Figure 3 shows a cross-sectional view of the reed valve mounted directly on the thruster sidewall with two screws and a fixture. Figure 4 presents an assembly of 16 reed valves in two stages with an acrylic window. Eight reed valves and a view window are mounted circumferentially on a stage. Figure 5 shows the geometry of the tapered reed valve. x is a coordinate on the reed petal. The origin of the x coordinate was set at the free end. The reed petal width and thickness were designed to be tapered toward the x-origin because the highest stress is loaded at x = lreed. The reed petal width at the fixed end, w1, was set at 16 mm to mount eight reed valves and the view window in a circle with a 176 mm circumference. The reed petal thickness at the free end, h2, was set as 0.15 mm. This thickness was the minimum fabrication thickness because a large reed-tip lift is expected with this thin reed petal.
The fundamental frequency of the reed petal, freed, must be higher than fpls to synchronize the engine cycle. freed was calculated using an approximate Rayleigh method considering only the first fundamental frequency.
A deflection equation was represented as   
The petal thickness, hreed, and width, wreed, were defined as a function of the x coordinate:   
The loaded stress, reed-tip lift, and the opening area were estimated using static analysis. The stress, σ, loaded on the reed valve was determined as (12) and is portrayed in Fig. 6 . Figure 7 depicts a contour map of the opening area calculated over w3 and h1. A tradeoff was found between the opening area and stress loaded at x = lreed. The opening area increased concomitantly with decreased h1, whereas the stress increased.
In the experiment, w3 and h1 were set, respectively, at 12 mm and 0.35 mm. The total reed petal length was determined as 31 mm. The reed petal length, lreed was 28 mm. The reed petal thickness was tapered from the free end up to 25 mm. The value of freed was calculated as 469 Hz. The measured freed was 482 Hz, which agreed well with the calculation results. The pulse repetition frequency, fpls, of the microwave beam was set at 10-160 Hz in the experiment. Consequently, freed was much higher than fpls. The stress and opening area were deduced as 575 N/mm 2 and 333 mm 2 , respectively, with a reed-tip lift of 8.3 mm. The calculation results for ΔP = 0.35 atm are presented in Table 2 . 
Experiential Apparatus and Conditions
An experiment was conducted to evaluate Ψ of the two valve stages (16 reed valves). Figure 8 shows the thruster with two stages of the reed valve. The fraction of the thruster length that is equipped with reed valves was 17%, which corresponds to 85 mm. Figure 9 shows the experimental setup. The ionization front propagation in the thruster was observed through the acrylic window using a high-speed camera. Pressure in the thruster was measured using two pressure gauges mounted at the thrust wall and the open end. The shockwave propagation velocity was estimated from the time difference in the shockwave arrival at both pressure gauges. The reed-tip lift was measured using an eddy current displacement gauge.
The megawatt-class gyrotron developed at Japan Atomic Energy Agency was used as a beam source. The gyrotron oscillation frequency was 170 GHz. Its achievable maximum power is 1.16 MW with an electrical efficiency of 48%. 3) In the experiment, a transmission line from the gyrotron comprised corrugated waveguides, a sapphire window, and a beam expander system. The microwave beam radiates through the sapphire window. The beam expander system expands the beam radius from 20.4 mm to 120 mm. The incident beam power was measured as 560 kW using a dummy load. The microwave pulse width, τ, was set at 2.5 ms to achieve the maximum impulsive thrust. The beam concentrator was 
Results and Discussion
Methods to estimate the filling rate, Ψ, under the passive PDE operation are quite limited and we conducted the pressure and valve-lift measurement along with the Ushock measurement for validation.
Ψ estimation from measured reed lift and pressure history
Measured propagation velocity of the ionization front, Uioniz, was 170 m/s. It is slower than Ushock, indicating that detonation was not supported because of the low gyrotron power condition in this series of experiments. However a maximum of 0.35 atm was obtained for ΔP, which is enough to drive the reed valves. Figure 10 presents the reed-tip lift and pressure history at the thrust wall. The dashed line is the reed-tip lift calculated using static analysis. The maximum tip lift reached 11 mm. The opening area was 441 mm 2 . The measured reed-tip lift exceeded the computation by 2.7 mm at the peak because of inertial force. However, the ratio of the yield stress to the estimated stress on the reed petal with the reed-tip lift of 11 mm was 1.2 using static analysis. No plastic deformation was observed. Table 3 presents a comparison of measurements and static calculations.
Ψ was calculated from the measured reed-tip lift and the pressure history using Eq. (13) 
According to Mitianiec and Bogusz, 14) the volume flow, ̇, through the reed valve for 16 reed valves is determined by the Bernoulli equation with the discharge coefficient Cd as 14) .
Air is taken in for about 1.3 ms while the inside gauge pressure is negative. After that, the pressure goes positive due to transverse waves in the tube and some leakage can be expected through the valves, though this contribution has not been taken into account. Cd = 0.5 was assumed because that of orifice flow is generally 0.5 <Cd< 1 and reed valves are a somewhat dissipative system. As a result, Ψ = 0.32 was obtained.
Ψ estimation from measured Ushock
The propagation velocity of the shockwave, Ushock, at each pulse count with and without reed valves was measured as presented in Fig. 11 . The value of Ushock, which was 395 m/s at the first pulse, increased along with the pulse count because of the increase in the inside temperature. The increase in Ushock is suppressed because of the cooling effect of air-breathing.
In a multi-pulse operation, many transverse waves were generated and it was difficult to estimate Ψ from pressure histories. Therefore, Ψ was estimated from the pulse-topulse inclination of Ushock using an isobaric-heating enginecycle model. The first process is shockwave compression of the gas. Rankine-Hugoniot relations were used to ascertain the pressure and temperature. Fig. 10 .
History of reed-tip lift and inner pressure measured respectively by the eddy-current displacement gauge and pressure gauge. The second process, isobaric heating, was induced because Uioniz was less than the sonic velocity. Pressure and temperature were determined as presented below. ,
The value of q is
The average beam power density in the thruster, Sav, was estimated as the incident beam power divided by the thrust wall area, which was 22.7 kW/cm 2 . The third process is isentropic expansion caused by exhaust from the open end. P4 was assumed to be 0.65 atm because of the pressure difference ΔP=0.35 atm. The final process was isobaric cooling by air-breathing.
Here, T0 is the atmospheric temperature at 298.15 K. T5 becomes the initial condition for the next microwave pulse. The solid lines in Fig. 11 show Ushock calculated using this engine cycle for each Ψ. Ψ was estimated by fitting the calculated Ushock to the measured value. The Mach number of the shockwave at each pulse was assumed to remain unchanged with the first pulse. Ushock was saturated with high Ψ because the difference between T5 and T1 was negligible in the later pulse counts. Estimated Ψ with reed valves was 0.44 using the engine cycle. In the case without reed valves, air-breathing occurred from the open end. With reed valves, if Ψ reaches unity, the air-breathing from the open end becomes negligibly small, because the compression wave coming from the open end is suppressed by the air-breathing from the reed valves.
Necessary stage number to achieve Ψ ≧1
The valve-stage number needed to achieve Ψ ≧1 was found to be six valve stages assuming the same air-breathing performance obtained in the experiment, which is Ψ of 0.2 per valve stage (eight reed valves). Six valve stages (48 reed valves) can be installed between thruster head and the edge of negative pressure according to the pressure distribution in Fig. 2 . Table 4 is a summary of the estimated and predicted airbreathing performance. 
Conclusion
An air-breathing system using reed valves was developed. It synchronizes automatically with the pulse repetition of the microwave beam without active control units. The reed petal width and thickness were designed to be tapered toward the xorigin to prevent the material from yielding without a stopper plate. Titanium alloy was used because of its high strength compared to steel or stainless steel.
The stress and opening area were calculated using static analysis. The opening area increased as the reed petal thickness decreased at the fixed end, whereas the stress increased. The calculated fundamental frequency was 469 Hz, which agreed well with the measurement.
In the experiment, the measured maximum reed-tip lift was 11 mm. Its opening area was estimated as 441 mm 2 . The measured reed-tip lift exceeded the calculated value because of inertial force. However, the ratio of the yield stress to the estimated reed petal stress was 1.2. No plastic deformation was observed. With the reed valve system, an increase in Ushock was suppressed because of cooling attributable to the air-breathing.
The Ψ of two valve stages (16 reed valves) was estimated as 0.32 from pressure history and 0.44 from Ushock, respectively.
According to the experimental results, six valve stages are required to achieve Ψ ≧1.
